Context. Ultraviolet (UV) over-ionisation of the iron atoms in the solar atmosphere leads to deviations in their level populations from the Saha-Boltzmann statistics. This causes their line profiles to form in Non-Local Thermodynamic Equilibrium (NLTE) conditions. While inverting such profiles to determine atmospheric parameters, the NLTE effects are often neglected and deviations from LTE are compensated for by tweaking other quantities. Aims. We investigate how the routinely employed LTE inversion of iron lines formed in NLTE under-or over-estimates the atmospheric quantities such as temperature (T ), line-of-sight velocity (v LOS ), magnetic field strength (B) and inclination (γ). Previous papers have focused mainly on T . Methods. We synthesize the Stokes profiles of Fe i 6301.5 Å and 6302.5 Å lines in both LTE and NLTE using a snapshot of a 3D magnetohydrodynamic simulation. The profiles are then inverted in LTE. By considering the atmosphere inferred from the inversion of LTE profiles to be the fiducial model, we compare the atmosphere from the inversion of NLTE profiles with it. Any differences observed are attributed to NLTE effects. Results. Neglecting the NLTE effects introduces errors in the inverted atmosphere. While the errors in T can go up to 13%, in v LOS and B the errors can be as high as 50% or more. We find these errors to be present at all three inversion nodes. Importantly, they survive degradation from spatial averaging of the profiles. Conclusions. We give an overview of how the neglect of NLTE effects influences the values of T, v LOS , B and γ determined by inverting the Fe i 6300 Å line pair, as observed, e.g., by Hinode/SOT/SP. Errors are found at the sites of granules, intergranular lanes, magnetic elements, basically in every region susceptible to NLTE effects. For an accurate determination of the atmospheric quantities and their stratification, it is therefore important to take account of the NLTE effects.
Introduction
The photospheric spectral lines of iron at 6301.5 Å and 6302.5 Å are among the most widely observed lines by both space and ground based telescopes. Spectral analysis and inversion of their Stokes profiles is often carried out under the assumption of Local Thermodynamic Equilibrium (LTE). The over-ionization of iron atoms by ultraviolet (UV) radiation, however, results in underpopulation of the Fe i atomic levels, resulting in deviations from their LTE values. Moreover, with a core formation height between 250 km -300 km above the photosphere (Grec et al. 2010) , their line source function is less than the Planck function, which introduces additional non-LTE (NLTE) effects in the lines themselves. While modeling their spectral profiles, these effects should be taken into account.
One of the first investigations of the influence of NLTE on iron lines was by Athay & Lites (1972) , which was later followed by, e.g., Rutten & Kostik (1982) ; Rutten (1988) ; Solanki & Steenbock (1988) ; Shchukina & Trujillo Bueno (2001) . Their studies were, however, limited to one-dimensional (1D) radiative transfer. Recently, in a series of papers, Holzreuter & Solanki (2012 investigated the effects of three-dimensional (3D) NLTE radiative transfer on iron lines formed in thin flux tubes and flux sheets, in a snapshot of a 3D radiation hydrody-namic (HD) simulation, and in a snapshot of a 3D magnetohydrodynamic (MHD) simulation. In each case, the profiles of the iron lines computed under the assumption of LTE, and 1D NLTE were compared with the 3D NLTE profiles. They reported that in some regions of the atmospheric cube, the NLTE line profiles show line weakening as compared to LTE, due to UV irradiation, while, in a few other regions line strengthening due to departure of the source function from the Planck function was observed, in agreement with the findings of Shchukina & Trujillo Bueno (2001) . The NLTE effects were shown to be particularly significant in spatially resolved profiles. line taken by the Hinode satellite to infer a 3D solar atmospheric model. The NLTE effects were taken into account by using the departure coefficients computed from a 3D HD model. They found that with the NLTE correction, the line cores are better fitted and the inverted atmosphere is less noisy. The current paper aims to investigate the errors introduced in the inferred atmospheres when the NLTE effects in the Fe i 6301.5 Å and 6302.5 Å lines are neglected during inversions. For this, we first compute the Stokes profiles from an MHD cube in both LTE and in NLTE. Since we cannot at present do a completely self-consistent NLTE inversions of Fe i lines, we have decided to test how well LTE inversions (referred to as just "inversion") of NLTE lines work by comparing with inversions of LTE lines. That is, we have inverted both NLTE and LTE line profiles using an LTE inversion code. To get a rough idea of the errors introduced by neglecting NLTE effects during the inversion, the model atmosphere obtained from the inversion of profiles computed in LTE from the MHD snapshot is used as a reference and the atmosphere recovered from the inversion of NLTE profiles is compared with this reference. Any differences are then classified as errors that the inversion makes by neglecting the NLTE effects.
Earlier studies of Shchukina & Trujillo Bueno (2001) ; Holzreuter & Solanki (2013 focused mainly on the influence of NLTE effects on temperature measurements by analysing the intensity profiles. In the present paper, we also discuss the influence of NLTE effects on the line-of-sight (LOS) velocity and magnetic field diagnostics, by comparing the Stokes profiles (I, Q, U, V) computed in LTE and NLTE. Here we focus only on the 1D NLTE effects (simply referred to as NLTE) and neglect the effects of horizontal radiative transfer. The influence of horizontal radiative transfer will be investigated in a follow-up paper.
Finally, we test if spatial averaging of the Stokes profiles influences accuracy of the atmosphere derived in LTE. For this, we rebin the profiles to match the spatial scales resolved by Hinode and invert the profiles as before. We find that because the NLTE effects indeed appear to survive such spatial degradation, it is important to account for them to infer atmospheric quantities accurately. This has wideranging consequences, as many results in solar physics are based on inversions of Fe i lines carried out in LTE.
Model atmosphere and Stokes profiles synthesis
A Snapshot of a realistic 3D MHD model atmosphere generated by the MURaM code (Vögler et al. 2005) was used for the synthesis of the Stokes profiles. The cube extends 6 Mm × 6 Mm × 2 Mm in the x, y, and z directions respectively, with a resolution of 5.82 km × 5.82 km × 7.85 km. The cube represents the quiet Sun with mixed magnetic polarities.
Maps of the temperature (T ), LOS velocity (v LOS ) and magnetic field strength (B) at log(τ) = −2.0, −0.9 and 0.0 from the 3D MHD cube are shown in Figure 1 . In the rest of the paper, by log(τ) we mean log(τ 5000 ). We choose these three τ surfaces because the nodes for inversions are placed there, as will be discussed in Section 3. As we move higher up in the atmosphere, Continuum image of the analysed snapshot. The dashed white box represents the area chosen for 3D NLTE computation of the iron lines, the results from which will be discussed in a future work. A blow-up of the region covered within the white box and the five points are shown on the right. For detailed analysis of the Stokes profiles, we pick five spatial positions numbered 1-5 within this box.
from log(τ) = 0 to −2.0, the temperature maps clearly change from normal to reverse granulation, with some granules still hotter than others at log(τ) = −2.0, but clearly cooler than the intergranular lanes. As the height of the log(τ) = −0.9 surface is approximately midway through this transition, the distribution of the temperature across the granules appears more homogeneous.
Regions with a high magnetic field strength stand out as hot regions between the granules, with temperatures much higher than the average in intergranular lanes. Narrowing of the intergranular lanes and increase in the convective velocities (upflows and downflows) with depth can be seen.
The Stokes profiles of the 6301.5 Å and 6302.5 Å iron lines were synthesized in 1D using the RH code (Uitenbroek 2001) in both LTE and NLTE, at µ = 1. By 1D computations, we really mean 1.5D, i.e. 1D radiative transfer carried out along each column of the MHD cube, while neglecting all 3D radiative transfer effects in the profile synthesis. All calculations are done in the same way as detailed in Holzreuter & Solanki (2015) . Similar to the computations in that paper, we neglect the influence of NLTE effects on the concentration of H-ions which can affect the continuum (Shapiro et al. 2010) . The full Stokes profiles are computed using the field-free approximation (Rees 1969) . The logarithmic iron abundance is taken to be 7.50 on a scale on which hydrogen has an abundance of 12.
We use the same iron atomic model that was used in Holzreuter & Solanki (2013 . The model contains 23 atomic levels coupled by 33 bound-bound transitions and 22 bound-free transitions. The bound-free transitions represent the coupling of atomic levels in each term in Fe i to its parent term in Fe ii through photoionization. For the photoionization cross-sections, hydrogen-like approximations have been used. The missing iron line opacity in the UV was approximated by enhancing the opacities in the relevant wavelength range, which is known as opacity fudging, as proposed by Bruls et al. (1992) . Holzreuter & Solanki (2012, their Section 3.2) have tested the effect of such an opacity fudging on the synthesized Fe i lines. They find that the 6301.5 Å line is less sensitive to the opacity fudging compared to the 5250 Å line. Removing the opacity fudging will likely enhance the NLTE effects in these lines possibly to unrealistically large values.
The continuum intensity map at 6300 Å is shown in Figure 2 . To facilitate the comparison of the different cases, we choose five representative spatial points within the white box, inside a granule (pos. 1 and 2), in an intergranular lane (pos. 3), intergranular lane next to a magnetic element (pos. 4) and in the middle of a strong magnetic element (pos. 5), the last two of which, following the convention in Holzreuter & Solanki (2015) may be referred to as a flux sheet and a flux tube, respectively. Although we discuss the full maps of the different atmospheric quantities obtained from inversions, at these five spatial locations we also discuss the Stokes profiles in detail.
Inversion of Stokes profiles
The Stokes profiles computed assuming LTE and NLTE conditions are inverted using the 1D LTE inversion code Stokes-Profiles-INversion-O-Routines, (SPINOR, Frutiger et al. 2000) , which makes use of the STOPRO routines (Solanki 1987) . The code assumes a strongly simplified model of the atmospheric stratification, consisting of a spline representation of the temperature, magnetic field strength, inclination (γ), azimuth and LOS velocity, as a function of optical depth. The splines are controlled by the values of each atmospheric quantity at three points, referred to as nodes, placed at strategically chosen optical depth values throughout the formation region of the spectral lines to be inverted. To avoid arbitrariness as much as possible, for the inversions presented in this paper, the nodes are placed at log(τ) = −2.0, −0.9 and 0.0, close to the optimum found by Danilovic et al. (2016) . No microturbulent velocity is used in fitting the Stokes profiles, since none was used to synthesize them in the first place. The SPINOR code only returns the values of the atmospheric quantities at the positions of the three nodes, and the comparison between the atmospheres from the inversion of LTE and NLTE profiles are therefore shown only on these three iso-(τ) surfaces.
In Figure 3 , we show the input intensity maps and the best fits at six wavelength points, namely at the centers of the two lines, and ±0.05 Å on either side of the line centers. The plotted intensities are normalised to I c , the continuum intensity, spatially averaged over the surface of the whole cube. The accuracy of the fit is demonstrated using the scatter density plots. The intensity maps look almost identical in both cases at all six points. The scatter plots are narrow, with the majority of the data points lying along the diagonal. The same is true for the Stokes Q, U and V profiles (figures not shown). The low scatter of the values around the diagonal shows that the inversion code is able to fit the LTE and NLTE profiles equally well, and therefore any difference in the two (LTE and NLTE) input profiles is translated by the inversion into differences in the atmospheric parameters.
Comparison of the inverted atmospheres
An ideal way to quantify the quality of the model atmospheres returned by the inversions would be to compare them with the MHD cube. For Milne-Eddington inversions one could follow a strategy similar to Borrero et al. (2014) and compare the two. However, when we have a stratified atmosphere, comparison with the MHD cube is complicated and there is no unique way to do so. The method used for such a comparison will introduce additional uncertainties. To avoid this, we first invert the LTE profiles in LTE. This case is consistent, so that the results should be reasonably correct (although grossly simplified compared with the original MHD snapshot). We use this atmosphere as the fixed reference and call it the "reference model". We then invert the NLTE profiles in LTE and refer to the atmosphere obtained as the "test model". This later case is not self-consistent and differences between the reference model and test model are likely due to the NLTE effects. A similar approach was used in van Noort (2012) but the input was re-synthesized from the fitted atmosphere, which is not done in the present paper
The reference and test models are compared in two ways, one simply using the difference
and the other using the relative difference defined as
where x represents an atmospheric quantity, such as temperature, velocity, magnetic field strength or inclination. The two spectral lines at 6301.5 Å and 6302.5 Å are formed approximately 100 km apart in the middle to upper photosphere (Grec et al. 2010) , with the 6301.5 Å line forming somewhat higher than the 6302.5 Å line, but with a smaller Landé g-factor. Due to its formation height, the 6301.5 Å line is more affected by the NLTE conditions than the 6302.5 Å line. Since the two lines are inverted together, the NLTE sensitivity of both lines contributes towards shaping the final inverted atmosphere, making the interpretation more complex, especially with a stratified atmosphere.
Different parts of a spectral line, from continuum to the line core are formed at different heights in the atmosphere. So, the contributions to the inferred atmosphere at the three nodes come from different parts of the spectral line. This information is best captured by the so-called response functions, which tells us how the values of the Stokes parameters at each wavelength point responds to a change of a physical quantity in the atmosphere at a particular depth. In Figure 4 , we show the LTE response functions of intensity to temperature at the five chosen spatial points.
The value of the response functions, normalized to unity and represented by a color value, is plotted as a function of the spectral range and the optical depth log(τ). Over-plotted on this are the LTE intensity profiles at the five locations. Each spectral point has a non-zero response over a range of optical depths. For example, the response function at the line core is strongest at lower optical depths (larger heights) in the atmosphere and decreases with depth. As a first approximation, we assume that the contribution to the top node log(τ) = −2.0 comes mainly from the line core. Such an assumption will help us explain the differences in temperature maps by correlating them to the differences in the line core intensities of the LTE and NLTE profiles. In the right panels of the same figure, we also compare the LTE and NLTE intensity profiles at the five points. We compute the relative differences in intensity (or residual intensity) and equivalent widths similar to Equations 1 and 2 of Holzreuter & Solanki (2015) . The expressions are repeated here for convenience
where I LTE,NLTE is the minimum intensity of an LTE/NLTE profile at a specific spatial location and EW LTE,NLTE is the equivalent width. A δI < 0 or a δE > 0 corresponds to NLTE weakening of the line. An overview of the variation in δE for the 6301.5 Å line across different atmospheric structures from an MHD cube, like granules, intergranular lanes, magnetic elements (flux tubes and flux sheets) etc., can be found in Figure 3 of Holzreuter & Solanki (2015) . In Figure 4 , we indicate the values of δI and δE only at the representative five spatial points computed from the intensity profiles, for both the 6301.5 Å and the 6302.5 Å lines.
Temperature

Top and central nodes
The temperature maps from the reference and test models at log(τ) = −2.0, −0.9 and 0.0 are compared in Figure 5 (first and second columns). We first discuss the maps in the top two nodes (log(τ) = −2.0 and −0.9) and consider the bottom node (log(τ) = 0.0) separately in Section 4.1.2. In Figure 5 , the temperature maps from the test model look quite similar to the reference model. However, the difference map in the third column indicates that the ∆T is mostly negative (i.e. the temperature in the test model is higher than in the reference model) in the granules and can reach values as high as 300 K in some patches. The higher temperature in the test model is also reflected in the histogram of ∆T (fourth column), which displays an increased skewness towards negative values. The mean and standard deviation of the histogram distribution (first and second numbers on the left side, respectively) are less than 100 K. The density plots of the relative difference δT , computed using Equation 2, are shown in the last column. In the top node, we find δT reaching up to -13% in regions where T LTE < 5000 K which look like reverse granulation. In regions of higher temperature (T LTE > 5000K), δT can be positive or negative depending on the temperature gradients in those regions, and it remains below 5%. Overall, the density of points is within ±5% in the top node. In the middle node, δT is again prominently negative in the granules reaching up to 10% while in the intergranular lanes it is less than 5%. Now we consider the temperature differences at the 5 spatial points in detail. The differences in temperature between the reference and test models at the five points in the three nodes are given in Table 1 Fig. 3 . Intensity maps from the LTE profiles generated by the inversion code (first column) to fit the input LTE maps in the second column, at six different wavelength points. They are at the centers of the two lines and at ±0.05 Å from their line centers. The two maps are compared using scatter density plots in the third column. The other three columns on the right indicate the same but for NLTE input profiles.
middle of the granules (pos. 1 and 2), in intergranular lanes (pos.
3) and in the middle of a magnetic concentration (pos. 5). It is negative only in the intergranular lane next to a magnetic element (pos. 4), as discussed also in Holzreuter & Solanki (2015) . The weakening of the NLTE line relative to LTE (δE > 0) is due to the opacity deficit resulting from the UV over-ionization of iron atoms. When this weak NLTE line is fit by the inversion code using an LTE line, the temperature inferred is higher than that inferred from the inversion of an LTE line profile. However, in some cases, the NLTE line can also be stronger than its LTE version. This happens due to the departure of source function from the Planck function. When this effect dominates over the line weakening caused from the UV over-ionization (for a detailed discussion see Shchukina & Trujillo Bueno 2001) , we observe line strengthening due to NLTE effects. For example in the top node, ∆T > 0 in pos. 1 but negative in pos. 2 (see third column
in Figure 5 and also in Table 1 ). In other words, although both pos. 1 and pos. 2 are in the granules, temperature from the inversion of NLTE lines is higher than from the inversion of LTE lines only in pos. 2 and exactly the opposite is observed at pos. 1.
To explain this further, we plot the temperature profiles at these locations from the MHD cube as a function of log(τ) in Figure 6 . The temperature stratification is quite similar at both pos.1 and pos.2 up to log(τ) = −1.0. In the higher layers, the temperature gradient is smaller at pos.1 compared to pos.2. The smaller gradient leads to the strengthening of the line formed in NLTE compared to the LTE line. The residual intensity, δI, for both lines at pos.1, indicated in Figure 4 , are positive and large, 30% for 6301.5 Å line and 11% for 6302.5 Å line. This indicates line strengthening. When the inversion code fits both these lines in LTE, the temperature from fitting the NLTE line will be lower than that from fitting the LTE line, resulting in a positive ∆T at Figure 2 ). The response functions are normalized to unity but are displayed here in the range 0-0.5 for improved contrast. Over plotted on these 2D maps are the LTE intensity profiles in red color. Right: Comparison between LTE and NLTE intensities at the five spatial positions marked in Figure 2 . δI and δE are the relative differences in intensity and equivalent width defined in Equations 3. The subscripts 1 and 2 refer to the 6301 Å and 6302 Å lines respectively. At pos 5, δI 2 is not indicated as the line profiles are Zeeman split. pos.1. Such a line strengthening at several locations in the model atmosphere was observed also by Holzreuter & Solanki (2012 .
In the intergranular lanes, Holzreuter & Solanki (2013) predicted that applying LTE inversions would underestimate the temperature by 100 K -200 K (also discussed by Shchukina & Trujillo Bueno 2001) . This conjecture is in agreement with the difference image at the top node (third column, Figure 5 ). For example, at pos. 3, the NLTE intensity profiles are shallower than in LTE, δI < 0 for both the lines (Figure 4) , and ∆T is negative (Table 1 ). In intergranular lanes next to magnetic elements, for example pos. 4, the temperature gradients are small, NLTE effects are not as strong, and δE < 0, δI >0. Holzreuter & Solanki (2013) discuss that in the border of granules, the LTE tempera-ture can be 200 K-400 K higher than in NLTE. This effect is seen in the top node, where along the boundaries of the granules, the difference image shows the temperature in reference model to be higher than in the test model (see Figure 5 , third column). Since in both Holzreuter & Solanki (2013) and Shchukina & Trujillo Bueno (2001) , these predictions were mainly based on the differences in the LTE and NLTE line core depths, they show a good correlation with our results in the top most node.
From Figure 5 we see that in the middle node, the temperature in the test model is higher in all the granules compared to the reference model. The histogram of ∆T has a mean value around 90 K with a small secondary peak on the negative side which is due to the negative ∆T from the granules. From Figure 4 , the response at log(τ) = −0.9 is strongest near the line wings. Fig. 5 . Comparison between the temperature maps from the inversion of LTE (first column) and NLTE (second column) Stokes profiles at the three nodes log(τ) = −2.0 (top row), −0.9 (middle row) and 0.0 (bottom row). Difference in temperature between the first two columns (∆T ) and normalized histograms of these differences are shown in the third and fourth columns. The mean and standard deviation of the histogram distributions are indicated (in units of kK). The position of mean is indicated by the vertical dashed line plotted over the histogram. In the fifth column, we show the relative difference δT computed using Equation 2, expressed in percentage, as a function of temperature from the inversion of LTE profiles which is used as reference. Differences between the NLTE and the LTE profiles in the line wings result in differences in the equivalent widths which manifest themselves as differences in temperature. In the intergranular lanes, the ∆T is much smaller as compared to that in the granules. In the intergranular lanes next to magnetic elements (e.g., pos. 4) or in the boundaries of the granules the difference is close to zero.
Bottom node
At log(τ) = 0.0, the temperature in the reference model is slightly higher than in the test model ( Figure 5, bottom row) . In principle, the inversion code should return the same temperature in both cases since the continuum intensity is computed strictly in LTE, as in Holzreuter & Solanki (2015) . However, in between and away from the two spectral lines, the difference between the NLTE and LTE intensity profiles is non-zero and positive. An example from a pixel in the granule is shown in Figure 7 . This indicates that within the spectral window used for synthesis, the profiles do not yet reach the real continuum. The inversion code Article number, page 7 of 15 A&A proofs: manuscript no. ms is thus constraining the temperature at log(τ) = 0 by fitting the intensity in the far wings of the spectral lines and not from the continuum intensity. From Figure 5 , this results in a difference of about 50 − 100 K in the granules with a relative difference δT of less than 2% .
Line-of-sight velocity
The LOS velocity maps at the three nodes from the reference and test models are compared in Figure 8 . Again the two maps look similar to each other at all three nodes. Holzreuter & Solanki (2013) reported only a small difference in the statistical distribution of the Doppler shifts between the LTE and NLTE profiles. From our analysis, the histograms of the differences between the velocities in the two models, in Figure 8 , peak close to zero at all three nodes (fourth column). The mean of the differences is between 30 ms −1 -70 ms −1 and the standard deviation is less than 0.5 kms −1 . From the difference maps (third column) regions of non-zero ∆v LOS are concentrated in the intergranular lanes, edges of granules and in the middle of magnetic elements. In the higher nodes differences of the order of 0.5 kms −1 are seen in the middle of a few granules. The relative differences, (δv LOS ), in the last column, are concentrated around zero in the bottom node and spread out to larger values, even up to and beyond 100%, in the higher nodes. δv LOS is large for smaller velocities. To avoid small denominator values in the computation of δv LOS , we have neglected pixels with v LOS < 10 ms −1 . In the top node, a large number of points is clustered around ±1 km/s, arising from intergranular lanes and granular boundaries. In these regions, inversion of NLTE profiles results in errors of up to 50% as compared to the LTE case. When the velocities are higher, they are well constrained in the inversions and the relative differences are smaller. This is similar to the trend in the middle node.However, the absolute error is more or less independent from the actual value. This explains why the relative error in the LTE inversions of the NLTE data increases with decreasing velocity.
If we consider the individual intensity profiles in Figure 4 , at pos. 3, 4 and 5, we see a difference in the Doppler shifts, most evident at pos. 3, which is in an intergranular lane. From Table 1 , the ∆v LOS is large in pos. 3, 4, and 5 compared to the granular points pos. 1 and 2. At pos. 4 ∆v LOS also changes sign from one node to the other. The reason for this is clear from the middle panel of Figure 6 where the variation in v LOS with log(τ) is plotted for all five points. At pos. 4, this variation is extreme with changes in direction of the flow along the vertical coordinate. Pos. 4 lies in the intergranular lane next to a magnetic element, (similar to a flux sheet described in Holzreuter & Solanki 2015, see Figure 2 ), and tilting of such regions into the granule can lead to drastic variations in the flow velocity. Gradients in velocity are known to modify the NLTE line source function (Ku- lander 1967 , 1971 Cannon & Rees 1971; Vardavas & Cannon 1974) , and such scenarios are common in simulated atmospheres (Holzreuter & Solanki 2015, Figure 10 ). Lower UV opacity due to over-ionization of iron atoms in combination with strong velocity gradients results in the LTE and NLTE profiles sampling different heights in the atmosphere leading to significant differences in velocity between the two cases.
Magnetic field
Strength
Holzreuter & Solanki (2012) investigated the NLTE effects in flux sheets and discussed their influence on the Stokes Zeeman profiles computed using 1D and 3D radiative transfer with a simple model and no inversions. The authors find that the field strengths recovered from the 1D-NLTE profiles of the Fe i 5250 Å line are higher than those from LTE. In the present paper we use the two lines at 6300 Å, which are formed slightly higher in the atmosphere than the 5250 Å line, and thus are more sensitive to NLTE effects. Among the two lines at 6300 Å, the 6301.5 Å line is formed higher but has a smaller Landé g-factor (g=1.67), whereas the 6302.5 Å line forms ≈ 100 km lower, but is more sensitive to the magnetic field (g=2.5). From the intensity profiles in Figure 4 at pos. 5, which corresponds to a point in a magnetic element, the 6302.5 Å line is completely split, with the LTE profiles being deeper and stronger (δE>0) than the NLTE profiles. we recover higher field strengths from the NLTE profiles as compared to the LTE ones, in two out of three nodes in the magnetic element (see Table 1 ).
The errors in the magnetic field strength determination, due to the neglect of NLTE effects, across different structures in an MHD cube is shown in Figure 9 . The magnetic field strength maps at all three nodes are, overall, similar in both reference and test models. The histograms of the differences (fourth column) are highly non-Gaussian with narrow cores, broad wings with mean values less than 50 G. The standard deviation of the distribution is of the order of 100 G, with the main contribution coming from the wings of the distribution. From the relative difference, δB plotted in the last column, the scatter is large for field strengths below 500 G. which correspond to the weak fields in and around the granules. Here, due to the fields being weak, the polarization signals are quite small, making it difficult to constrain the magnetic field. From the difference maps in third column, ∆B is non-zero in the intergranular lanes, edges of granules and in regions of strong magnetic field. Also from Table 1 , at pos. 3, 4 and 5, which are chosen from these three regions, not only is ∆B large, δB is large as well (seen from the LTE values in parentheses). The MHD cube used here has large magnetic flux concentrations between granules (flux sheets lying in lanes) and at the intersections of multiple lanes (more tube-like structures). In these regions, neglecting the NLTE effects results in retrieval of stronger fields. Thus the points in the density plots are shifted slightly towards the negative δB, especially for fields greater than 500 G, particularly in the top node. Figure 6 shows that, strong magnetic field gradients are present at the five chosen spatial points, which contributes to the strengthening of NLTE effects. The errors are smallest for the central node, which is also the one that is best constrained in the inversions. The qualitative picture is, however, reasonably consistent between nodes: fields are overestimated in lanes and in magnetic elements, but are underestimated at the edges of granules.
Inclination
Neglecting the NLTE effects introduces errors in the determination of the magnetic field inclination as well. In Figure 10 estimate the magnitude of this error by comparing the inclination in the test model with the reference model. Large patches of non-zero ∆γ are seen in the top and the central nodes in the middle of granules (third column). In the last column, unlike in Figures 5, 8 and 9 , we show a scatter plot of the inclination in the test model vs inclination in the reference model, instead of the relative difference. In the top and the central nodes, the scatter increases as the field becomes more horizontal. These come from regions of low (< 200 G) magnetic field strength (see Figure 9) . Pixels with larger ∆γ are seen along the intergranular lanes as well where magnetic fields are strong and vertical but the main departures are seen in the granules. Of the three nodes the standard deviation of the histogram of ∆γ is the smallest at the central node as it is better constrained in the inversions. The mean of this histogram is less than 1°in all three nodes.
When we examine the Stokes Q, U and V profiles at the five selected spatial positions in Figure 11 , we find big differences between the LTE and NLTE profiles. The magnitude of the error introduced by neglecting the NLTE effects at these five positions are given in Table 1 . The difference ∆γ is large at positions 1, 2, 3 and 4, especially in the top node. At pos. 1 and 2, the magnetic field from the reference model is weak and nearly horizontal. The Q, U signals are small and it is difficult to constrain the magnetic field inclination. This also contributes to ∆γ being large. At pos. 4 and 5., the field (Table 1) is strong and vertical in the reference model. Here the V signals are strong and ∆γ is also smaller compared to the other positions. The gradients in magnetic field strength, inclination, LOS velocity which result in multi-lobed asymmetric V profile, enhance the NLTE effects.
Inversion of rebinned profiles
The high resolution 3D MHD cube used for the analyses in the present paper was generated on a very fine grid with a spacing of 5.8km/pixel. This is much smaller than the spatial scales that can be resolved with current instrumentation. The Hinode satellite, which is extensively used for solar photospheric observations of the 6300 Å lines, has a resolution of 0.16 /pixel, which corresponds to about 116 km/pixel, 20 times larger than the resolution of our MHD cube. Many of the locations where the differences between the reference and test models were discussed in the previous sections lie within small-scale fine structures, resolved in the MHD cube, but not in any observations. It is therefore important to know if the errors in the test model discussed in Section 4 persist when the resolution is reduced, e.g. to roughly match that of Hinode.
To test this, ideally, one should convolve the Stokes profiles with the point spread function (PSF) of the instrument, rebin the profiles and add noise. Since our aim is to test if spatial averaging weakens the NLTE effects as discussed in Shchukina & Trujillo Bueno (2001) , we only rebin the profiles to match the spatial scales observed by Hinode and do not convolve them with a PSF or add noise. The Stokes profiles computed in LTE and NLTE, respectively, were then inverted in LTE using the exact same setting as before. The temperature, LOS velocity, magnetic field strength and inclination maps from the inversion of LTE and NLTE profiles were compared in a way similar to that used for the full resolution case, discussed in the previous sections. In Figure 12 , we show only the difference maps for the four atmospheric parameters. Comparing these maps with the original resolution maps in Figures 5, 8, 9 , and 10, shows a striking similarity. For the temperature, as in the original resolution case, differences are seen mostly in the granules with T LTE < T NLTE in many of them, this of course also depends on the node. A few exceptions are seen at log(τ) = −2.0 in locations with weaker temperature gradients, as discussed in detail in Section 4.1.1.
For the LOS velocity and magnetic field strength, the locations with significant differences are more pronounced and ap- pear to be clustered in the intergranular lanes and regions with strong magnetic fields. These are the regions with strong vertical gradients and the Stokes profiles, even after rebinning, contain these imprints, which are reflected in the corresponding inverted atmospheres. Differences in velocity are seen also in the middle of granules, like in Figure 8 . The magnitude of the errors is as large as in the original case.
In the maps showing errors in the determined magnetic field inclination, we see a large number of pixels with increased errors or differences, especially in the top node. The errors are smallest in the middle node just as in the full resolution case.
Statistics of the differences
To further quantify the NLTE effects we divide the absolute difference |∆T |, |∆v LOS |, |∆B| and |∆γ| into four different ranges. In Table 2 , we indicate the percentage of pixels in each range and in Figure 13 , we map the four ranges to the regions where they originate. In temperature maps, the majority of the pixels have |∆T | < 200 K in the top two nodes. At the same time, pixels with |∆T | between 200 K-400 K are non-negligible and are concentrated in the middle of granules. Nearly 5% and 11% of the pixels fall in this range in the top and middle node, respectively. NLTE effects from both line core and the wings contribute to the temperature determination in the middle node (see response functions in Figure 4) resulting in a higher percentage of pixels with large |∆T |. In the bottom node, |∆T | < 100 K with a few pixels here and there having larger differences. Ideally |∆T | should be zero but, due to a poor separation of the continuum from the line wings, it is non-zero, as already discussed in Section 4.1.2.
Regarding the determined LOS velocity, a majority of the pixels have differences < 0.5 kms −1 . Less than 10% have |∆v LOS | between 0.5 kms −1 and 1.0 kms −1 . A small fraction ≈ 1% of the pixels show differences larger than 1 kms −1 . As discussed in Section 4.2 and as can be seen from Figure 13 , pixels with large differences are found along the intergranular lanes. Nearly all pixels, at all three nodes, have differences less than 500 G in the determined magnetic field strength. Only in the bottom node, ≈ 2% of the pixels have |∆B| >1 kG. These pixels are found in small groups, sparsely distributed across the whole region (see Figure 13 ).
Although the errors in the magnetic field inclination is less than 10°in most of the pixels, a significant fraction of pixels (30% − 40%) have errors between 10°− 45°, in all three nodes. In the top node, nearly 10% of the pixels have errors greater than 45°. These problematic pixels are found in the centers of the granules where the magnetic field strength is low. When the spatial resolution is reduced, the percentage of pixels with error > 45°increases to 22%.
An important result from Table 2 is that the percentage of pixels with quantitative errors in T, v LOS , B and γ remain the same, or even increases for γ, after spatially averaging the Stokes profiles. Although earlier papers such as Shchukina & Trujillo Bueno (2001) predicted the spatial averaging to weaken the Fig. 13 . Maps of the regions from where the pixels in the four ranges in Table 2 originate. This is shown for |∆T |, |∆v LOS |, |∆B| and |∆γ|, at all three nodes.
NLTE effects, our investigations show that they do survive. From Figure 13 , the errors in test model are not just found in a few isolated pixels but are seen as patches. Spatial averaging of the Stokes profiles does not cancel out these errors, at least when the horizontal transfer effects are not taken into account.
Summary and conclusions
The influence of NLTE conditions on the formation of photospheric iron lines has been well known for several decades. However, due to the complexities involved in NLTE radiative transfer theory, these lines are often assumed to be formed in LTE, in particular when doing inversions of Stokes profiles. Not only the effects of NLTE but also of 3D radiative transfer are neglected while inverting their Stokes profiles, owing to the same reasons. In continuation to the work of Holzreuter & Solanki (2012 , we investigate how the assumption of LTE in the inversions of NLTE iron profiles introduces errors in the inferred atmospheres. In this first step, we have assumed that the Fe i 6301.5 Å and 6302.5 Å lines are formed in 1D NLTE. We compare the atmosphere determined from the inversion of line profiles computed in NLTE with the atmosphere from the inversion of lines formed in LTE. The latter is used as a reference model. The atmospheric model chosen for the inversion is a simple 3-node atmosphere which can be inadequate to reproduce extreme variations of physical quantities in the MHD cube. Such artifacts of the inversion can also contribute to the scatter in relative differences and lead to uncertainties. However, the strategy of using an inverted atmosphere as a reference model instead of the actual MHD cube is expected to mitigate this issue. While most of the previous studies have focused on discussing how the NLTE conditions can alter the measured temperature, we have examined the LOS velocity and magnetic field as well. In the inferred temperature, we find that neglecting NLTE can result in departures of up to 13% in both top and central inversion nodes. In the LOS velocity and magnetic field strength, we find relative difference as high as 50% or more in multiple nodes. A large fraction of the pixels have errors up to 45°in the determined magnetic field inclination. It is not possible to generalize whether neglecting the NLTE effects results in an overestimation or an underestimation of a particular parameter, since this depends on the vertical gradients in the region of interest and the amount of UV radiation from the layers below.
We choose five representative spatial positions to compare the LTE and NLTE Stokes profiles. We try to correlate the errors in the inferred atmosphere at these locations with the differences observed in the Stokes profiles. In the intergranular lane and in the magnetic elements, the LOS velocity is off by 500 m/s Article number, page 13 of 15 A&A proofs: manuscript no. ms compared to the reference model. This can be a significant error when the LOS velocity itself is of the order of a few 100 ms −1 such as in the quiet Sun bright points (Riethmüller et al. 2010; Romano et al. 2012) . Errors in magnetic field strength and inclination are evident in both weak and strong magnetic field regions. Given that the 6300 Å are often used in the construction of 1D model atmospheres based on LTE inversions (e.g. Bellot Rubio et al. 1997; Faurobert et al. 2013; Cristaldi & Ermolli 2017) , neglecting NLTE effects will introduces errors in these models.
A large scatter in the relative difference (δB) is observed at all three nodes in the test model in Figure 9 . The small scale weak magnetic field close to the photosphere is difficult to constrain with the simple inversion model as the polarization signals are small. While this contributes to the observed scatter in the test model, the role of NLTE effects cannot be ruled out. This is accompanied by errors of magnitude 10°− 45° (Figure 10 ) in the determined magnetic field inclination. LTE inversions of observations at Fe i 6300 Å lines are often used for measuring the strength, inclination of internetwork magnetic field and their variation with height (e.g. Lites 2002; Orozco Suárez et al. 2007; Borrero & Kobel 2012; Danilovic et al. 2016) . Understanding the errors due to the neglect of NLTE effects is important for the interpretation of such measurements.
While most the papers discussing NLTE effects in iron lines mainly focus on the quiet Sun, a detailed study in active regions is missing. The only known work is by Shchukina & Trujillo Bueno (1997) , where the authors conclude that neglecting the NLTE effects can lead to an under-estimation of sunspot temperature. Observations at the Fe i 6300 Å line pair are extensively used in understanding the physical properties of active regions such as sunspots (e.g. Riethmüller et al. 2008; Lagg et al. 2014; Tiwari et al. 2015; Joshi et al. 2017; Jurčák et al. 2018) , and plages (e.g. Bühler et al. 2015) , under the assumption that the lines are formed in LTE. How important are NLTE effects in active regions? How do they affect the temperature, velocity and magnetic field? These questions can be answered by carrying out an investigation similar to the one presented in the current paper using a sunspot simulation of Rempel (2012) . This will be an interesting follow up work.
With the availability of a few NLTE inversion codes such as NICOLE, SNAPI (Milić & van Noort 2018) and STiC (de la Cruz Rodríguez et al. 2018), it should now become possible to carry out the complex NLTE inversion of the photospheric iron lines at least using 1D radiative transfer.
Finally, according to Holzreuter & Solanki (2015) , the effects of horizontal radiative transfer can intensify or weaken the effects of NLTE. How the horizontal radiative transfer in combination with NLTE affects the inverted atmosphere will be investigated in a future publication.
